We have analysed over 400 partial insect mitochondrial large subunit (mit LSU) sequences in order to identify conserved motifs and secondary structures for domains IV and V of this gene. Most of the secondary structure elements described by R. R. Gutell et al . (unpublished) for the LSU were identified. However, we present structures for helices 84 and 91 that are not recognized in previous universal models. The portion of the 16S gene containing domains IV and V is frequently sequenced in insect molecular systematic studies so we have many more sequences than previous studies which focused on the complete mitochondrial LSU molecule. In addition, we have the advantage of investigating several sets of closely related taxa. Aligned sequences from thirteen insect orders and nine secondary structure diagrams are presented. These conserved sequence motifs and their associated secondary structure elements can now be used to facilitate the alignment of other insect mit LSU sequences.
Introduction
The identification of homologous characters is of fundamental importance in systematic studies. An alignment of DNA sequences is a statement explicitly hypothesizing homology among nucleotide character states (Mindell & Honeycutt, 1990) . All methods of phylogenetic reconstruction assume that aligned nucleotides are homologous (Swofford et al. , 1996) , and thus may produce incorrect phylogenetic hypotheses if the aligned nucleotide sequences do not correctly reflect homology (Kjer, 1995; Titus & Frost, 1996) . In the analysis of protein-coding genes the presence of conserved amino acids aids considerably in the alignment of nucleotide sequences (Doolittle, 1986) . In addition to this, the codonbased nature of the genetic code makes the placement of indels relatively straightforward in many cases. However, rRNA genes are evolving under different constraints, and the alignment of length variable sequences can be more problematic. Of particular concern is the need for the correct placement of 'gaps' or indels in the alignment, especially when the overall degree of primary sequence conservation is low. Recent studies have shown that reference to a secondary structure model can aid in this process (Kjer, 1995; Hickson et al. , 1996; Titus & Frost, 1996; Morrison & Ellis, 1997) .
The secondary structure of the large subunit (LSU) rRNA gene has been the subject of intensive study by two research groups (de Rijk et al. , 1997; R. R. Gutell et al . unpublished) . Although nuclear magnetic resonance and thermodynamic folding studies have aided in the elucidation of rRNA secondary structure, the covariation approach has been particularly useful in determining the size and relative position of secondary structure motifs (Gutell et al. , 1994) . Covariation analysis operates on the premise that homologous rRNA genes with different nucleotide sequences should be able to be folded into similar secondary structures. This is achieved by searching for base pairs that covary in tandem along a sequence when many different sequences are compared. Evidence for the presence of secondary structural elements is obtained by searching for compensatory substitutions on either side of a putative helix (Gutell, 1996; Gutell & Damberger, 1996) .
In insect molecular systematic, population genetic and conservation studies a portion of the 3 ′ half of the mitochondrial LSU rRNA (mit LSU) gene has been frequently sequenced (Simon et al. , 1994; Kambhampati, 1995;  © 2000 Blackwell Science Ltd, Insect Molecular Biology , 9 , 565 -580 Flook et al. , 1999; Flook & Rowell (1997a , 1997b Clary & Wolstenholme (1985) ; DeSalle (1992); Xiong & Kocher (1991 , 1993a , 1993b ; Tang et al . (1995) ; Kambhampati et al. , 1996; Vogler & Pearson, 1996) . This region lies between the two highly conserved polymerase chain reaction (PCR) primers LR-N-13398 and LR-J-12887 (Xiong & Kocher, 1991; Simon et al. , 1994) , and corresponds to most of domains IV and V (Noller et al. , 1981) of the mit LSU gene. These primers, or modifications thereof, have also been used to amplify a homologous portion of the mit LSU gene in other invertebrates (e.g. crabs: Cunningham et al. , 1992; spiders: Huber et al. , 1993; horseshoe crabs: Avise et al. , 1994; ticks: Black & Piesman, 1994) , and a wide variety of vertebrates (e.g. Orti et al. , 1996) . Clary & Wolstenholme (1985) proposed a secondary structure model for the complete mit LSU rRNA gene of Drosophila yakuba based on comparisons with the mouse mit LSU secondary structure model (Glotz et al. , 1981) . Although superseded by better models, the Clary & Wolstenholme (1985) model has been used by several authors to draw insect secondary structure diagrams and/or to align mit LSU rRNA sequences (e.g. Uhlenbusch et al. , 1987; Fang et al. , 1993; Dowton & Austin, 1994; Flook & Rowell, 1997a ). However, the considerably different models described by R. R. Gutell et al . (unpublished, referred to hereafter as the Gutell model) and de Rijk et al . (1997;  referred to hereafter as the DVD97 model) are based on a much greater number of sequences and experimental and covariation studies, and thus are likely to be more accurate. The de Rijk et al . (1997) structure is based on the model described by Noller et al . (1981) and Gutell & Woese (1990) and so is very similar to that of R. R. Gutell et al . (unpublished) . Davis et al . (1994) published the complete mit LSU secondary structure of the gypsy moth Lymantria dispar based on the D. yakuba and Aedes albopticus secondary structure models from Gutell & Fox (1988) . The Gutell & Fox (1988) Drosophila melanogaster mit LSU model has since been updated by R. R. Gutell et al . (unpublished) and thus the Davis et al . (1994) Lymantria mit LSU model requires re-examination.
In this paper we report our analysis of over 400 partial insect mit LSU rRNA sequences ranging from conspecific to interordinal taxonomic levels ( Table 1 ). The alignment and secondary structures presented are based on the analysis of sequences from a basal winged order (Odonata), seven hemimetabolous orders (Orthoptera, Hemiptera, Dictyoptera, Dermaptera, Plecoptera, Gryloblattodea, Phasmatodea) and five more-derived holometabolous orders (Coleoptera, Lepidoptera, Mecoptera, Diptera and Hymenoptera). In addition, as in no other studies, we have focused on several data sets of closely related species. These include: (i) flies from the family Tephritidae ; (ii) a large number of phylogenetically more diverse orthopterans (Flook & Rowell, 1997a, b; Flook et al. , 1999; unpublished data) ; and (iii) Deltocephalus -like leafhoppers (Fang et al. , 1993) . Comparisons of sequences derived from closely related taxa (for example, the Tephritid sequences) allow refinement of secondary structure elements in the more variable regions and identification of variable sites within conserved regions. Analysis of data from more divergent taxa (e.g. many of the orthopterans) allows investigation of conserved nucleotide sites that are only free to vary over relatively long periods of evolutionary time. Our analysis thus provides new insight because the extensive LSU studies of R. R. Gutell et al . (unpublished) and de Rijk et al . (1997) sample relatively few mitochondrial sequences and even fewer of these are from insects despite the fact that insects make up the majority of animal biodiversity. Insects are poorly represented in these other studies because few taxa have their mit LSU genes completely sequenced.
In this paper we present conserved sequence motifs and secondary structures to aid in the alignment of domains IV and V of the insect mit LSU gene. Hickson et al . (2000) demonstrate that the use of conserved structural motifs in alignment of ribosomal RNA (rRNA) molecules is crucial to the success of automated alignment programs because optimal values for gap weight and gap length costs are unknowable a priori . The presentation of secondary structure model diagrams from a phylogenetically diverse array of insects will facilitate the drawing of similar structures in other, as yet unsampled taxa.
Results and discussion

Secondary structure and alignment
The drawing of secondary structure diagrams is a tedious process. The existence of previous secondary models helps but the knowledge of conserved motifs speeds the process tremendously. The vast majority of papers on secondary structure do not discuss conserved motifs other than conserved G·U pairs (exceptions are Uhlenbusch et al. , 1987; Hickson et al. , 1996) .
Secondary structure diagrams for representatives of eight insect orders are shown in Figs 1 and 2. Representatives from a selection of insect orders are presented. An alignment of representative insect taxa derived from these structures is presented in Fig. 3 , in addition to the sequence of D. melanogaster , with helices marked following the Gutell model. Most of the secondary structure motifs proposed in the Gutell model were identifiable in the insect sequences. However, the structures presented here differ from that of the Gutell model for helices 84 and 91. We have illustrated the contrasting structures for these two helices in Fig. 4 . Helix numbering follows that of Larsen (1992) and Kambhampati et al . (1996) .
Conserved motifs present in the 400+ sequences are described in Figs 1 and 3. These motifs can be used as anchors to construct preliminary sequence alignments. Putative helices can then be located by searching for uninterrupted base pairing in locations similar to those shown in Figs 1 and 3. Compensatory substitutions help to verify paired regions. The alignment helps refine the secondary structure and vice versa. Thus, alignment and secondary structure prediction becomes an iterative process. Kjer (1995) describes this procedure more fully.
We have constructed tables that list helical substitutions in the Deltocephalus -like leafhoppers, orthopterans, tephritid flies, and flies of the genus Rhagoletis . These tables are available from the Correspondent upon request.
Helix 66
The initial 5 bp of helix 66 form hydrogen bonds in most taxa. Although the terminal half may pair in many taxa, these interactions are less conserved. For example, in the dipteran Delphinia picta , it is possible to form a 10 bp helix (Fig. 2) . However, hydrogen bonds in the terminal half of the helix are broken in many related dipteran species. This helix is especially difficult to construct for some termite species. Accordingly, Kambhampati et al . (1996) leave it unpaired in some species. However, in the preying mantis, Mantis religiosa , it can be drawn as a 12 bp helix terminated by a 4 bp loop (data not shown). However, we note that Kjer (who constructed the model described in Kambhampati et al . (1996) ) intentionally truncates helices that may form when there are taxa in the data set that contradict an otherwise possible extended helix, in favour of a more universal minimum conserved structure (pers. comm.). The first nucleotide pair in this helix often forms a U·U interaction, as has been observed in some helices of the insect SSU rRNA gene (Hickson et al. , 1996) . Compensatory substitutions among the leafhopper sequences, orthopterans and tephritid flies provide evidence for the existence of this helix.
Helix 67 Kambhampati et al . (1996) draw this helix as containing only 3 bp. However, in almost all other insect taxa, helix 67 is 4 bp long. In all of the termites, except Mastotermes darwiniensis and Incistitermes snyderi , helix 67 can be drawn as a 4 bp structure. Davis et al . (1994) includes the preceding nucleotides from the region between 66 ′ and 67, and 67 ′ and 64′ as part of helix 67. However, evidence for this interaction is lacking when other insect taxa are examined. A conserved C-G bond in most taxa terminates helix 67. Compensatory substitutions are observed in the leafhoppers, and orthopterans.
Helix 68
This helix is typically initiated by three highly conserved couplets (usually composed of Gs and Cs) followed by an asymmetric bulge (usually C·A). The sixth base pair is a G·U interaction that is conserved among all insects, with the exception of two Simulium (Diptera) species from Tang et al. (1995) and several orthopterans from Flook & Rowell (1997a) . The terminal couplets of helix 68 are not conserved, but can form canonical hydrogen bonds in most taxa. Kambhampati et al. (1996) only identify the first 3 bp in this helix. However, the G·U interaction at the sixth base pair in the helix is conserved among all termite taxa. Other hydrogen bonds adjacent to this interaction are broken in some of the termites; however, compensatory substitutions among leafhoppers and Rhagoletis flies provide support for their existence. Davis et al. (1994) pair part of the asymmetric bulge in Lymantria. This arrangement is not supported by compensatory substitutions in other insect taxa. The Lymantria sequence can be redrawn to fit the identical Gutell and DVD97 models. The loop terminating this helix is highly variable in nucleotide sequence and length, and difficult to align, even among relatively closely related taxa.
Helix 69
This helix is highly conserved in length (6 bp) and primary sequence, and is terminated by a hairpin loop that is 6 bp long, except in some members of the Hymenoptera and Odonata. The second couplet involves a dominant G·U bond. Compensatory substitutions among the orthopterans provide evidence for its location. This model is drawn identically in the Gutell and DVD97 models.
Helix 70
Helix 70 as drawn in the DVD97 model is a 1-2 bp long structure in insects. However, we find no support in the form of compensatory substitutions for its existence, and because the proposed interactions are broken in some of the Hymenoptera. Gutell draws this region differently to the DVD97 model. In the Gutell model this helix is formed from a single base pair interaction between the first nucleotide downstream of helix 69′ and another nucleotide four bases downstream. Because it is so highly conserved this interaction is difficult to evaluate with the data we have here; however, we favour the Gutell structure for this region because we have no data that contradict the Gutell model, and the interaction can form in almost all of the insect sequences we have analysed.
Helix 71
In almost all insect taxa this helix is 6 bp in length and is terminated with a dominant G·U bond. Compensatory substitutions occur in this helix among the leafhoppers and orthopterans. Kambhampati et al. (1996) have drawn this helix 4 bp long, leaving the terminal 2 bp unpaired, because the fifth base pair cannot form in most of the termites. Because this helix can form a 6 bp structure in most other insect taxa and is well supported by evidence from compensatory substitutions, we have drawn it as paired. The fifth base pair is also well supported by compensatory substitutions in the orthopterans, and the leafhoppers.
Helix 64 and 61
Only the 61′ and 64′ halves of these two helices lie in the region considered in this study. We have aligned this region and constructed secondary structure drawings according to the Gutell model. Two conserved bulges described in the Gutell model in helices 61′ and 64′ were detected in our alignment and we have indicated these in our secondary structure diagrams. The complete helices are shown for the moth Spodoptera frugiperda in Fig. 1 .
Helix 72
This helix is 5 bp in all insect taxa. It is usually terminated by a G-C bond and an 8-bp loop. In the DVD97 model this helix is drawn as 8 bp long, forming a bond between the preceding two bases. This proposed interaction is not supported by compensatory substitutions and cannot form in many of our insect mit LSUs. Thus, as in the Gutell model, we have drawn this helix as 5 bp.
Helix 73
The downstream half of helix 73 lies outside the region sequenced in most insect systematic studies. However, among the taxa for which it has been sequenced, its size and position is highly conserved among insects and other organisms (R. R. Gutell et al. unpublished) . As described in the Gutell model, helix 73 contains two highly conserved single base pair bulges that we have indicated in our structures. This helix ends with five conserved bases in its upstream half. A highly conserved unpaired region connects this helix to the next.
Helix 74
This helix is highly conserved in both sequence and secondary structure. Two C-G bonds, conserved in most other organisms (R. R. Gutell et al. unpublished) initiate this helix. The terminal nucleotides of helix 74 are less conserved and compensatory substitutions in this region occur in the orthopterans and leafhoppers.
Helix 75
In terms of secondary structure and alignment, helix 75 is the most problematic region under consideration here. It is highly variable in both length and secondary structure, with no apparent conserved motifs to aid in alignment. Compensatory substitutions among closely related Rhagoletis species suggest that base pairing is involved, but the lack of conservation of both sequence and helical length makes alignment of even closely related taxa difficult. The high level of AT richness in insects makes alternative secondary structures possible, reflecting the ease of base pairing sequences composed largely of two compatible nucleotides. In both the Gutell and DVD97 models the first half of this region is drawn as paired, and the terminal half as a loop. The first three bonds are conserved in most taxa. A conserved A-U bond usually initiates the helix.
Due to difficulties in aligning sequences for this region, we have excluded it from the analyses of compensatory substitutions. The difficulty in aligning this region means that it is often excluded from further phylogenetic analysis (e.g. Flook & Rowell, 1997a ). This region is also highly variable in other animal taxa (e.g. Orti et al., 1996) .
Helix 80
Helix 80 is a conserved 4 bp structure, terminated by a highly conserved 5 bp loop, composed of largely guanines in almost all taxa. In most insects the final base pair forms a dominant G·U bond. Compensatory substitutions in the helix are observed in the Orthoptera and the Lepidoptera.
Helix 81
Helix 81 is a 6 bp structure in most insects. It is terminated by a length variable loop. A cytosine usually precedes 81′, but thymine is also observed, especially in the Hymenoptera. Compensatory substitutions occur in the Orthoptera and leafhoppers.
Helix 84
The single major difference between the Gutell, DVD97 models and structures presented here lies in the region between helix 81′ and 88. Like Kambhampati et al. (1996) , we have drawn this region as a 3 bp helix. Accordingly, we have numbered it helix 84 as in Kambhampati et al. (1996) . In Fig. 4 we present the contrasting secondary structure models for this region for our structures, and the Gutell and DVD97 models. This helix is preceded by a length-and sequence-variable stretch of bases. We have been unable to derive a secondary structure for the region between helices 81 and 84, thus have left it unpaired. In our structures, helix 84 is terminated by a sequence-and lengthvariable loop. In some taxa the terminal couplet is broken; however, compensatory substitutions are observed in the orthopterans, hymenopterans and cicadas. The first base pair in helix 84 is highly conserved; however, compensatory substitutions are observed in the termites (Kambhampati et al., 1996;  Fig. 3 ), hymenopterans and cicadas.
Helix 88
Helix 88 can be constructed in most taxa. However, in the termites, leafhoppers and many of the Hymenoptera, for example, it is difficult to draw. For this reason Kambhampati et al. (1996) leave the region between 84′ and 74′ unpaired. Compensatory substitutions among Tephritidae flies and the orthopterans provide evidence for its presence. A conserved C-G bond initiates this helix, although compensatory substitutions can occur at this position, especially in the Hymenoptera.
Helix 89
In the DVD97 model an interaction between the fourth nucleotide of 89 and the fifth nucleotide of 89′ is proposed. Compensatory substitutions do not support this interaction, and as in the Gutell model we leave the fourth nucleotide unpaired. The extreme rarity of indels in this helix makes alignment straightforward despite the lack of sequence conservation across all insects.
Helix 90
Most of the 90′ side of this helix is excluded from the region considered here, as it contains the PCR primer binding site for LR-J-12887 (Simon et al., 1994) . Helix 90 is highly conserved in length and primary sequence among insect taxa with few indels observed. In our structures and the associated alignment, we have drawn it as in the Gutell model.
Helix 91
The initial nucleotides of this helix are highly variable making a stable secondary structure difficult to derive. In most insect taxa this helix is formed by ten nucleotide couplets. Indels can occur in the bulge near the start of the helix. Support from compensatory substitutions for the second nucleotide couplet is moderate. In the DVD97 model this area is constructed differently in various insect taxa. For example, a bulge is placed after the fifth base pair in the dipteran (Fig. 4) , hymenopteran and lepidopteran structure. Consistent with the Gutell model we do not recognize this bulge. In the Gutell model this helix has a 1-2 bp bulge near the start of the helix, whereas in our structure this bulge is shorter. The structure presented here is conserved across a wide range of insect taxa, although some interactions are broken, as in the leaf insect (see Fig. 3 ). Compensatory substitutions among the Orthoptera and leafhoppers support this structure. The penultimate couplet often involves a G·A interaction as described in the Gutell model. This interaction is not recognized in the DVD97 model despite the fact that it forms a canonical bond in many insect taxa.
Helix 92
As this helix lies close to the priming site of LR-J-12887, it is often excluded from published sequences. This 5 bp helix is terminated with a highly conserved UCUUG loop. Compensatory substitutions occur in the Orthoptera and leafhoppers. Deletions occasionally occur in the proximal and distal arms of this helix (e.g. Delphinia picta, Fig. 2 ).
Lone pairs
Lone-pair or tertiary interactions are base pairs that are not immediately adjacent to other base pairs (Larsen, 1992; Gutell & Damberger, 1996) . The Gutell model describes a number of such interactions, supported by covariation analysis and in some cases by experimental evidence (e.g. Mitchell et al., 1990) . In the Gutell model, three lone-pair interactions can be evaluated using the data presented here. Two occur between helices 81′ and 73′, and the other between 68′ and 67′. The first interaction is between nucleotides 2282 and 2427 of the Escherichia coli sequence. We find no support in the form of covarying substitutions in insect mtDNA for this proposed interaction despite the fact that substitutions are common in this region and the interaction is supported by crosslinking experiments (Mitchell et al., 1990 ). This interaction is unable to form in many of the tiger beetles (Vogler & Pearson, 1996) , odonates (unpublished data) and cockroaches (Kambhampati, 1995) for example.
In the Gutell model the third base of helix 84 is included in a lone-pair interaction with another base between helices 88′ and 74′. We find no support for this lone pair among insect taxa. In addition to this, the inclusion of this base in helix 84 precludes its inclusion in a lone pair.
The Gutell model describes a lone-pair interaction between Escherichia coli positions 1935 and 1962. Among insects these two positions are highly conserved, making this interaction difficult to evaluate. However, an A-U → G·U substitution has occurred in several of the cicindelid beetles from Vogler & Pearson (1996) and the Orthopteran Pneumora inanis from Flook & Rowell (1997a) . We have marked this interaction on Fig. 1 . Dominant G·U bonds and other non-canonical interactions Gautheret et al. (1995) emphasized the functional importance of conserved G·U pairs in all rRNA sequences. These most frequent of non-Watson-Crick base pairs change helix stacking properties and are often found in tandem or with the U located 5′ of single base bulges. They tend to be found in specific locations and can be either unvaried (found in 100% of taxa) or dominant (found in greater than 55% of taxa). In the insect mit LSU gene we have detected seven dominant G·U bonds in helices 68, 69, 71, 80 and 89. No unvaried G·U pairs were found. We have marked the dominant interactions on the Spodoptera structure in Fig. 1 . The highly conserved nature of such bonds implies some of these G·U interactions may have a functional significance and not represent intermediate character states between conventional Watson-Crick bonds. Hickson et al. (1996) observed that C·A and A·C bonds were relatively common in some helices of the avian mit SSU. However, they also observed that such bonds were less common in the odonate mit SSU sequences. Similarly, we have observed that C·A and A·C interactions are rare in the insect mit LSU sequences. We only detected one G·A bond, terminating helix 91 (see above).
Comparison of models
Over 15 years of study of the LSU rRNA gene (beginning with Noller et al., 1981) has facilitated the development of a stable and robust secondary structure model. Thus, most of the secondary structure elements proposed by the Gutell and DVD97 models have been proven to exist in the insect mit LSU rRNA gene. At the same time, several aspects of the evolution of these rRNA secondary structures, such as deviations from common patterns in specific evolutionary lineages, remain poorly understood. Understanding structural and functional shifts that may occur in molecules emphasizes the need for new phylogenetic models that take into account such covariotide shifts (Lockhart et al., 1998; Philippé & Laurent, 1998) . Our detailed studies of specific evolutionary lineages such as insect mtDNA suggest that there is a continuing need to refine the model of the mit LSU. This is clearly demonstrated by the insect mit LSU sequences, which differ from sequences from many other taxonomic groups examined in at least two respects. The first of these concerns the relationship between the frequency of different canonical pairings and their thermodynamic stability, which has previously been reported (on the basis of comparison of a large sample of LSU rRNA sequences) to be positively correlated, i.e. G-C > C-G > U-A > A-U > G·U > U·G (Gutell & Damberger, 1996) . In the insect data, this pattern is not observed. Instead, A-U and U-A pairs are twice as common as G -C and C -G pairings. The trend towards A-U/U-A interactions probably reflects the selective pressure to maintain AT richness in insect mitochondrial DNA (Simon et al., 1994) .
A second difference between the mit LSU secondary structure of insects and other groups concerns the occurrence of tetraloops (i.e. hairpin loops of length 4 bp). Thermodynamic studies have indicated that these structures may be particularly stable. In the E. coli LSU structure of R. R. Gutell et al. (unpublished) , for the region under consideration here, the ratio of tetraloops to the total number of hairpin loops is 5 : 17 (29%). The same ratio for the nematode Caenorhabditis elegans mit LSU is 1 : 10 (10%), Homo sapiens 3 : 13 (23%), the cow Bos taurus 3 : 13 (23%), the frog Xenopus laevis 2 : 15 (13%). The Spodoptera frugiperda structure presented here has a ratio of 1 : 13 (8%). In the partial mitochondrial SSU model of Hickson et al. (1996) there are no tetraloops conserved across the metazoa. In the prokaryote LSU, two examples of conserved tetraloops are found terminating helices 66 and 68. In the insect mit LSU, neither of these two tetraloops are conserved. Both these helices are truncated relative to the prokaryote LSU and appear to have lost their terminal tetraloops. Fields & Gutell (1996) observed that of the 256 possible combinations of four nucleotides, the motifs GHGA, GVAA and UWCG were the most abundant in the LSU rRNA gene. By contrast, in the structures presented here, we detected only one conserved tetraloop, not conforming to any of the motifs described by Fields & Gutell (1996) , terminating helix 91 (also recognized in the Gutell model). This loss of tetraloops in the insect mit LSU gene may actually reflect different functional constraints relative to other genomes. Fields & Gutell (1996) have previously noted that the mitochondrial genome has the lowest proportion of tetraloops conforming to the above motifs relative to the Archeal, Eubacterial, Chloroplast or Eucaryal genomes. Konnings & Gutell (1995) made a similar observation for the SSU rRNA gene.
Based on these comparisons we therefore agree with Gutell et al. (1994) that the LSU rRNA core secondary structure is now highly refined and will probably need few further revisions. The slight differences between the Gutell model and the structures presented here are not in themselves sufficient basis to challenge the universality of the Gutell model, and may in part reflect general differences in evolutionary patterns between insect mtDNA and DNA from other taxonomic groups and genomes (see Simon et al., 1994) . However, they do emphasize the lack of understanding concerning the precise nature of constraints imposed on sequence evolution by secondary structure. In addition, the small number of differences between the structures presented here and the Gutell model may reflect mitochondrial specific or even insect mitochondrial specific changes in rRNA structure. Support from compensatory substitutions in other taxonomic groups for the refined structures we present here should be assessed.
Secondary structure and alignment
The alignment of rRNA sequences using secondary structure can be a time-consuming task. The molecular systematist may well question the value of such an approach given the availability and widespread use of multiple sequence alignment programs (e.g. Higgins et al., 1992; Wheeler & Gladstein, 1992) . During the analysis of the sequences utilized in this investigation, it was noted that many data sets aligned using multiple sequence alignment programs had incorrectly placed gaps in length conserved helices, according to the model described here. In an analysis of Oplurid lizard mit rRNA sequences, Titus & Frost (1996) observed that constraining homologous helices to align with each other led to an increase in the number of alignments that recovered a well-supported tree based on morphological characters. It has been shown that all multiple sequence alignment programs failed to correctly align the conserved motifs described in the Hickson et al. (1996) secondary structure model for domain III of the mit SSU rRNA gene (Hickson et al., 2000) . Even among closely related taxa, secondary structure can be essential for alignment of hypervariable sites in length variable regions. For example, within the alignment produced by for their Rhagoletis sequences, gaps were inserted in the terminal half of helix 67 that disrupted the highly conserved G·U interaction described above. The Rhagoletis sequences can be realigned to accommodate this bond.
The process for obtaining an alignment derived from a secondary structure model using conserved motifs as anchors has been well described by Kjer (1995) . However, the use of a secondary structure in aligning rRNA sequences does not guarantee obtaining the correct alignment for every base. This is especially true in length and sequence variable loops.
It is essential that an up-to-date secondary structure model be used to derive an alignment. The most recent LSU secondary structure models can be obtained from the RNA WWW server (de Rijk et al., 1997 ; http://rrna.uia.ac.be), the RNA Secondary Structure WWW home page (R. R. Gutell et al., unpublished; http://www.rna.icmb.utexas.edu/) and the Ribosome Database Project WWW home page (Maidak et al., 1997 ; http://www.cme.msu.edu/RDP). The above studies involve large numbers of sequences from a phylogenetically wider array of taxa and genomes than described here. However, studies involving relatively closely related taxa such as in Hickson et al. (1996) and the current investigation are useful in refining the more variable regions within genomes.
Experimental procedures
The insect mit LSU sequences used in this study are given in Table 1 . This compilation includes sequences obtained from GenBank, EMBL and unpublished sources. Initially secondary structure diagrams were constructed by the comparative method, using conserved motifs as anchors, for one representative of each available insect order following the D. melanogaster drawing of R. R. Gutell et al. (unpublished) . Within each order, substitutions that indicate paired interactions were identified using the program SMAPP (written by PKF) and then examined on the secondary structure model. SMAPP searches a given alignment of rRNA sequences for Watson-Crick interactions and non-Watson-Crick (non-canonical) hydrogen bonds, including C·A, G·A and G·U interactions. We define a compensatory change as two substitutions occurring sequentially that maintain base pairing in a given position in a helix. The observation that two or more Watson-Crick (or G·U interactions) at the same location in a putative helix indicates that there is selection to maintain base pairing and thus support for the helical model. We used SMAPP to analyse thirty-eight orthopteran (Flook & Rowell, 1997a; 1997b; Flook et al., 1999; unpublished , 1997; and thirty-two Deltocephalus-like leafhopper (Fang et al., 1993) sequences. The C·A interactions were included in our search because they have been shown to be common in the mitochondrial small subunit (SSU) rRNA of some animal taxa (Hickson et al., 1996) . We also searched for G·U interactions, as they are also common in rRNA sequences (Gutell, 1996) . Hickson et al. (1996) have shown that several 'dominant' (Gutell et al., 1994 ) G·U interactions, conserved in greater than 55% of known SSU sequences are also found in the animal mitochondrial SSU gene. Thus, we searched for such dominant G·U interactions in the insect mit LSU gene. We also searched the entire data set for bases that were unvaried in at least 95% of all sequences to identify conserved primary sequence motifs. Helix numbering follows that of Larsen (1992) and Kambhampati et al. (1996) . The different domains of the LSU gene are numbered following Noller et al. (1981) . The alignment of representative sequences in Fig. 3 was constructed by aligning length-conserved helices and conserved motifs in helices, loops and unpaired regions.
